Introduction
The eukaryotic cytoskeleton functions as a highly complex and integrated machine that is ultimately responsible for basic cellular functions ranging from cell shape, mitotic organization and dynamics, intracellular organelle transport to cell motility. The cytoskeleton can be simply considered as the framework that the cell manipulates to perform dynamic tasks. For convenience, the cytoskeleton is studied by addressing its three separable polymers: microtubules, intermediate filaments and actin filaments. Although valuable from a reductionist point of view, the study of these systems independently is clearly an oversimplification. The actin cytoskeleton is important in vesicle trafficking, cell division, shape changes and cell motility or crawling. It is composed of actin filaments and the associated proteins which interact with the filamentous and monomeric pool of actin. The focus for this review is the mechanism by which the actin cytoskeleton is mobilized to drive shape changes, such as those seen in blood platelets, or cell crawling, as seen in fibroblasts or chemotactic movements in neutrophils or Dictyostelium discodium Although a key factor is the signal transduction pathways that lead to actin mobilization, this is not discussed except where applicable in understanding the mechanism of actin modulation. Suffice it to say that signals such as small GTP-binding proteins, polyphosphoinositides, calcium transients, pH changes, protein phosphorylation and others have been implicated. Assembly of actin into the cytoskeleton can result from either (1) the nucleation de novo of actin monomers to form actin filaments or (2) the addition of monomers to the barbed ends of preexisting actin filaments. A strong body of evidence has accumulated which indicates that the uncapping of actin-filament barbed ends and the fragmentation of filaments are central elements in initiating changes in the actin network.
Abbreviations used: F-actin, filamentous actin; ARP, actin-binding protein; T84, thymosin 84.
Actin polymerization is coupled to cell motility
The study of the acrosomal process in Thyone sperm [l] and the mating tubule in Chlamydomonas [2] directly link actin polymerization to a cell protrusion event. Receptor-mediated changes in the actin cytoskeleton result in an approximate 2-fold increase in filamentous actin (F-actin) content in a variety of dynamic and motile cells. Glass or thrombin activation of platelets increases the F-actin content 2-fold within 60 s concurrent with the appearance of two actin-rich structures: filopodia, long parallel arrays of actin filaments, and lamellae, flat broad veils, consisting of short filaments organized in an orthogonal array and cross-linked by actin-binding protein (ABP)-280 ( Figure 1 ) [3] . One important signal for lamellar formation is calcium. The clamping of calcium at resting levels in platelets results in unusual filopodia where the actin tends to turn back on itself, making loops of actin bundles. Furthermore, these calcium-deprived platelets are lacking the short filament array seen in lamellae [3] . Resting neutrophils respond to a chemotactic peptide by doubling their F-actin within 60s, coincident with changes in cell shape [4-61. Although the F-actin content decreases to about 1.5 times the resting level by 10 min after activation, it is redistributed from being evenly dispersed throughout the cell to the leading edge of the cell [4] . The slime mould Dictyostelium discodium in its amoeboid form and after starvation is chemotactic towards extracellular cyclic AMP. Such cells, when stimulated with exogenously added cyclic AMP, go through a series of morphological changes that are coincident with changes in F-actin content, elegantly documented by Hall et al. [ 7 ] . s after the addition of cyclic AMP, a 1.5-fold increase in F-actin is observed followed by a rapid return to near prestimulus levels by 20 s. This is followed by another 1.5-fold increase in F-actin, in a second response requiring an additional 40 to 50s to reach its plateau. The rapid loss of newly formed F-actin at 20s is concomitant with a rounding of the cells termed a 'cringe' response. The second slow rise in F-actin at 60 s after stimulus is concomitant with pseudopod
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Because the pre-existing actin filaments are elongated, abnormal filopodia result. The cell body retains its discoid shape because filament severing is inhibited. This keeps the membrane skeleton in its resting form. extension. The co-ordinated efforts using these and other cell systems has allowed for the unified hypothesis stating that cell motility and the extension of cell processes is coupled to the polymerization of F-actin.
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The actin equilibrium
Actin monomers associate to form a filament in a head-to-tail fashion such that different structural domains are exposed at either end. Further, the kinetics of monomer addition differ at these two distinct ends. At one end of the actin filament, the barbed end (so named due to the arrowhead appearance of actin filaments after decoration with a proteolytic S 1 sub-fragment of myosin), the association constant is 0.1 ,uM compared with 0.6pM at the other end of the filament, the pointed end. Additionally, the rate at which monomers are lost or
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added at either end differs, with the barbed end being the faster growing and shrinking end [8, 9] . [3, 19] , neutrophi1 shape change in response to chemotactic peptide [4] and the response to cyclic AMP in Dictyostelium [7] are blocked by cytochalasins.
Cytochalasins have been shown to bind the barbed end of actin filaments, preventing monomer addition [20-221. Therefore, not only is actin polymerization important in cell motility and in the formation of surface protrusions, but the effect of cytochalasins suggests that growth from the barbed end of F-actin is essential.
When neutrophils are activated with a chemotactic peptide the earliest detectable event is the expression of cytoskeleton-based F-actin nucleation activity [23] . Since the nucleation activity is cytochalasin-inhibitable, it is likely to be due to uncapped barbed ends. The appearance of this nucleation activity is independent of internal calcium [23] . However, it is clear that calcium transients are important in some aspects of neutrophil activation. One prominent example is the association of gelsolin, a calcium-dependent F-actin-severing, -capping and -nucleating protein, with the actin cytoskeleton [24] . Other subtleties in the characteristics of the role of F-actin in neutrophil activation have been reported [25, 26] but the net result is that an increase in F-actin is observed and this increase is due to polymerization at the barbed end of F-actin.
Dictyostelium has proven to be an excellent model system for studying the modulation of Factin in response to an extracellular agonist. As in neutrophils, in addition to the changes in F-actin content after addition of cyclic AMP, there are factors in Dictyostelium lysates that provide ( 1) cytoskeletally based nucleation sites and (2) a soluble calcium-independent F-actin-capping activity, dissociated from the Triton-insoluble fraction by activation [27] . The release of the latter factor coincides with the first burst of actin polymerization. Further analysis indicates that this factor, termed aginactin, is associated with a 70 kDa protein [28] , which is 73% identical with Hsc70 from other species [29] , and a heterodimeric capping protein (capZ, cap32134, capping protein) [ 301, a well-characterized actin-filament barbedend-capping protein. Bacterially expressed capZ is capable of capping F-actin, but this activity is enhanced nearly 10-fold by the presence of Hsc 70. Therefore, it may be that the regulation of Hsc70 and its association with capZ in vivo is important in this barbed-end-capping activity. The three-dimensional actin network in motile Dictyostelium is comparable with that seen in human leucocytes [31] ; however, the filaments are longer by a factor of 2-3.
Dictyostelium is the first organism in which an external stimulus has been linked directly to the regulation of an F-actin barbed-end-capping protein. Recently, cap2 levels in Dictyosiklium have been depleted by anti-sense mRNA. Survival of these cells is impaired when expression levels are less than 25% of normal. Cells which have more capZ are faster in motility assays than controls and, conversely, cells which underexpress capZ are slower. These results are the first to demonstrate directly that capZ is intimately involved in cell motility. This observation is consistent with the theory that the underexpressing cells have longer but not more filaments and therefore more actin is polymerized compared with overexpressors, which have less F-actin. Cells underexpressing capZ had 3 times the number of exposed barbed ends, and overexpressors had half, that of controls [ 321.
The human platelet has provided insight into the role of barbed-end uncapping in actin rearrangements that result from external signals. The blood platelet, an anucleated cell fragment, is extremely actin-rich: 20% of its total protein is actin. In a resting platelet 40% of the actin is polymerized into 2000 1-pm-long filaments organized in an orthogonal array cross-linked by ABP-280, with their barbed ends inaccessible to exogenously added actin [3, 33] . Because the platelet is so amenable to detailed structural analysis, it provides an excellent opportunity to correlate events detected at the ultrastructural level with changes observed using biochemical techniques. An example of this is comparing the nucleation activity in resting versus activated platelets by using cytochalasins to distinguish barbed-from pointed-end polymerization with structural changes seen by electron microscopy [ 3 ] . This analysis demonstrates that when platelets are activated, pointed-end polymerization is nearly unchanged, but the polymerization from barbed ends increases approximately 1 0-fold ( Figure 2) . It is likely that a large portion of these new barbed-end nuclei are on short filaments, since the omission of phalloidin, an F-actin-stabilizing compound, leads to the rapid loss of nucleation sites. Actin filaments, with barbed ends uncapped after activation, lie in the cortical network of short filaments, where they abut the plasma membrane. When platelets are treated with a calcium chelator, a dramatic change occurs upon activation: a meshwork of small filaments is not found in the cortex. Instead, exaggerated filopodia form, which contain long actin filaments that loop back on themselves. These results suggest that calcium transients are imperative in the modulation of the normal activated platelet actin cytoskeleton. In parallel, platelets treated with cytochalasins before activation show massive fragmentation of the cortical actin fila- Volume 23 ments, and no apparent elongation of actin filaments. This fragmentation requires gelsolin, as platelets from transgenic mice lacking gelsolin fail to generate a significant fragmentation of cortical actin filaments [34] . All these results demonstrate an obligatory role for barbed-end exposure in actinrelated changes that result from platelet activation through external agonists (Figure 3 ). Fibroblasts grown in tissue culture, when subconfluent, are motile cells with very similar characteristics to activated neutrophils and amoeboid cells. Fibroblasts are used to study the sites of actin monomer addition by microinjection of fluorescently labelled actin monomers, or by the addition of fluorescent monomers to permeabilized cells [35] . These studies confirm previous work showing that actin monomers add to actin filaments just below the plasma membrane in lamellae at the leading edge of the cell. Furthermore, in permeabilized cells, the addition of actin monomer is blocked by the addition of capZ, demonstrating that new monomers are added to free barbed ends.
A leading alternative model to barbed-end exposure as the source of actin filament polymerization in cell motility is the nucleation de novo of actin 
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filaments. Proteins, often membrane associated, organize several monomers into a nucleus from which polymerization can occur. The most promising candidate for such a protein is ponticulin. Ponticulin is a transmembrane glycoprotein that binds actin [36] , nucleates actin polymerization [ 371 and, in Dictyosteliurn, is the major actin-binding protein in the plasma-membrane fraction [38] . A ponticulin homologue has also been observed in neutrophils [39] .
Conclusions
The most compelling hypothesis, based on evidence compiled from multiple organisms, for the event that initiates actin-based cell motility and changes in cell shape is the exposure of actin-filament barbed ends that lie just below the plasma membrane. Although nucleation de novo of actin filaments cannot be ruled out, the significance and potency of such a mechanism is unclear. Now, with a variety of biochemical, cell biological and genetic studies completed, two proteins are indicated as likely targets for signal pathways that initiate actinfilament mobilization: gelsolin and the heterodimeric capping protein, capZ. Recent work suggests a possible co-ordination and synergistic role for these two abundant actin-associated proteins. The overexpression of gelsolin in tissueculture cells results in faster cell motility [40] , which is also seen in Dictyosteliurn overexpressing capZ [32] . Therefore, one function for cap2 may be to prevent excessive actin polymerization at barbed ends created by gelsolin-severing of filaments. Future studies addressing this hypothesis, and others, will provide exciting and valuable information towards the understanding of cell motility.
Introduction
The mammalian rho subfamily of small GTPases comprises nine proteins (rhoA, B, C, racl and 2, cdc42 and GZSK, rho G and TC10). The first clue to a biological function for rho proteins came from the observation that the bacterial exoenzyme, C3
transferase, which ADP-ribosylates and inactivates rho proteins, causes animal cells to lose their actin Abbreviations used: LPA? lysophosphatidic acid; PDGF, platelet-derived growth factor; PI 3-kinase, phosphatidylinositol 3-kinase.
stress fibres and round up [1, 2] . A more precise role for two members of the rho family, rho and rac, has now been defined: both mediate growth-factorinduced changes in the organization of the actin cytos keleton. The actin cytoskeleton of animal cells maintains cell shape and plays a pivotal role in cell motility, phagocytosis and cytokinesis. Filamentous actin in cells is generally organized into at least three types of structure: (i) actin stress fibres, which are long bundles of actin filaments, can traverse the cell and are linked to the extracellular matrix through Volume 23
